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Double barrier heterostructures are model systems for the study of electron tunneling and discrete 
energy levels in a quantum well (QW). Until now resonant tunneling phenomena in metallicQW have 
been observed for limited thicknesses (1-2 nm) under which electron phase coherence is conserved. In 
the present study we show evidence of QW resonance states in Fe QW up to12 nmthick and at room 
temperature in fully epitaxial doubleMgAlOxbarrier magnetic tunnel junctions. The electron phase 
coherence displayed in this QWis of unprecedented quality because ofa homogenous interface phase 
shift due to the small lattice mismatch at the Fe/MgAlOx interface. The physical understanding of the 
critical role of interface strain on QW phase coherence will greatly promote the development of the 
spin-dependent quantum resonant tunneling applications. 
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Resonant tunneling in double barrier quantum well (QW) structures has been extensively studied 
because of its importance in the field of nanoelectronic science and technology[1]. The double barrier 
structure behaves as an optical interferometer.Thus, in order to observe electron resonant tunneling, the 
electron phase should be kept coherent when reflecting between the two potential barriers. Due to the 
loss of electron phase coherence, the resonant tunneling cannot survive if the two barriers are too far 
from each other. Thedecoherence process can be introduced by interface roughness[2], or inelastic 
scattering in the QWand at the interface[3], which can absorb and re-emit the electrons who lose their 
phase information. 
Recently, the combination of spin-dependent tunneling magnetoresistance (TMR) effect[4,5] with 
resonant tunneling through metallic QW states[6,7] in magnetic tunnel junctions (MTJs) has triggered 
considerable interest in new functionalities of spintronic devices operating in the quantum tunneling 
regime. In these structures, the QW potential barrier can be formed either by metallic layer using the 
symmetry dependent band structure[8-13], or by a double oxide tunneling barriers with a much greater 
barrier height for better electron confinement[14-16]. As so far, to preserve a good phase coherence, 
the metallic QW thickness in double barrier magnetic tunnel junctions (DMTJs) has been limited to 
around 1-2nm. In this case, it is impossible to modulate the Fermi level energy (EF) by making a direct 
electrical connection with the middle QW layer. To achieve good phase coherence and enhance the 
QW resonant tunneling effect with large well thickness, the dephasing mechanisms involved in the QW 
and at the metal/oxide interface must be clarified. 
In this study, we provide the experimental evidence that these QW states can be greatly improved 
in fully epitaxial DMTJs based on spinel MgAlOx oxide barrier. This material was recently proposed as 
a promising barrier in MTJs[17-23]because of its non-deliquescence and small lattice mismatch with 
typical bcc ferromagnetic materials and Heusler alloys. Remarkably, up to 10 separated QW resonance 
states were observed on large size patterned MTJs (100-900µm2) with 12nm thick Fe QW.Moreover, 
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we observed that the conductance oscillation amplitude in MgAlOx-based DMTJs is enhanced by 
almost one order of magnitude compared to MgO-based DMTJs with the same QW thicknesses.The 
unprecedented high quality of electron phase coherence in the QW with double MgAlOxbarriers was 
explained in terms of the strain related interface dephasing mechanism. Such peculiar transport 
properties give us the possibility to directly connect with the QW layer to independently control the 
energy of electrons which are injected into the QW as if in a three-terminal device[24]. This added 
level of control could be used to generate new functionality in spin-dependent quantum resonant 
tunneling applications.  
The epitaxial DMTJs with double MgAlOx barriers were grown by molecular beam epitaxy (MBE). 
Fig.1 shows the schematic sample structure and band energy profile. The QW structure is formed in the 
middle Fe layer sandwiched by a thin (Barrier I) and thick barrier (Barrier II). Two series of samples 
were fabricated on MgO (001) substrates. The structures of the first series samples are: 
Fe(45)/MgAlOx(3ML)/Fe(t)/MgAlOx(12ML)/Fe(10)/Co(20)/Au(15), where the thickness of the middle 
Fe layer were 6.3nm, 7.5nm and 12.6nm, respectively. The second series samples were designed to 
investigate the effect of barrier interface and the MTJ stacks are composed of: Fe(45)/Barrier I 
(3ML)/Fe(10)/Barrier II (12ML)/Fe(10)/Co(20)/Au(15), where both Barrier I andIIcan either beMgO 
or MgAlOx. All numbers indicate thickness in nanometers and ML stands for atomic mono-layer. 
Please see in supplementary material for details of growth and sample structural characterization [25]. 
First let us evaluate the magneto-transport properties in one MgAlOx DMTJ with QW 
thicknesst=7.5nm. The inset of Fig.2(a) shows the representative TMR curve measured at different 
temperatures from 16K to295K. The magneticfield (H) was applied along the Fe[100] easy axis 
direction and the TMR ratio is calculated as (RAP-RP)/RP×100%, where RAP and RP are the resistance of 
the antiparallel (AP) and parallel (P) magnetization configurations, respectively. From the shape of 
TMR curves, it is possible to identify that the hard layer is the top Fe/Co layer and the free layer is 
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composed of themiddle and bottom Fe layerswhich are ferromagnetic coupledthrough the 3ML thin 
barrier (see more magnetic characterization in supplementary information [25]). Fig. 2(a)-(b) show the 
differential conductance (dI/dV) curves measured at different temperature in Pand APstates, which are 
normalized with the conductance GP(0V,16K). Inthe P state, some strong oscillations of the 
conductance are observed in the negative bias region where the electrons are injected from top 
electrodes to the QW. The separation of the local maximum peak gradually increases at higher negative 
bias. Although the oscillation amplitude attenuates with increasing temperature, the oscillatory feature 
is still observable even at RT with the periodicity remaining almost unchanged. Another 
interestingaspect is that the oscillatory feature is still observable in AP state although with significantly 
reduced amplitude. The periodicity and maximum peak positions are almost the same as those in P 
state, which wasnot observed in MgO DMTJs[14,15]. In Fig.2(c), the differential MR (DTMR) curves 
calculated from the differentialdI/dV curves in P and AP states also show clear oscillations with the 
same phases as those of the conductivity oscillations. 
In order to confirm that the observed conductance oscillations originate from the QW states in the 
middle Fe layer, the bias dependent conductance was measuredfor two other MgAlOxDMTJs with 
different middle Fe thickness: 6.3nm and 12.6nm. To precisely measure the QW energy position, the 
secondary differentiald2I/dV2 curves were deduced from the normalized dI/dV curves in P state, which 
isplotted in Fig.2(d). The QW energy position is defined at the local minimum of the d2I/dV2 curves, as 
marked with the dashed lines. All samples show clear oscillation behaviors with different amplitudes 
and periodicity. The increase of Fe thickness results in a shorter periodicity, which proves that the 
observed oscillations are coming from the QW states in the middle Fe layer.The highest oscillation 
amplitude was observed for the Fe QW thickness t=7.5nm. These oscillations are surprising in both 
their clarity and number (up to 10)thatare still observablefor DMTJ with t=12.6nm. Since the QW state 
is formed in Fe majority Δ1 band[7,14], thedecrease of oscillation amplitude in t=12.6nm samplecan be 
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understood due to the finite mean free path of majority Δ1 electron for conserving its energy, symmetry 
and phase information. A well-defined quantum-statistical calculation[2,32] has shown that the QW 
states are quenched far before the QW thickness reaches the distance of mean free path, therefore we 
can conclude that the mean free path as well as the phase coherence length in our Fe QW should be 
much longer than 12nm and the reported values[33-35]. To precisely determine this phase coherence 
length, MgAlOxDMTJs with thicker QW are needed. This is the first time that QW resonant tunneling 
phenomenon is observed in metallic QWdevices of large thicknesses, at least greater than 10nm.We 
believe this is reasonable because that the QW states have been observedby angle-resolved 
photoemission measurementsin quite thick Ag layer up to 112 monolayers (24.3nm) on Fe (100) 
[36].As For the sample with t=6.3nm, the smaller amplitude could be due to the increase of middle Fe 
roughness after annealing due to the poor wetting property of thin metal film on oxide. (See more 
information for the three samples in supplementary material [25].) 
The QW states obtained from experimental results can bedirectly and qualitatively compared with 
a simple phase accumulation model (PAM) [37]. The PAM describes thequantization condition for the 
existence of a QW state as: 
1 2 inf2 2k d nπ⊥ − Φ − Φ − Φ = (1) 
where *2 ( ) /Lk m E E⊥ = −  is the crystal momentumwave vector in the film perpendicular to 
theinterface, d is the Fe QW thickness, and 11 2 2sin ( ) ( )L U LE E E E π
−Φ = Φ = − − − is the reflection 
phase shift at the two Fe/MgAlOxinterfaces. Furthermore, m*is the effective mass of majorityΔ1 
electron in Fe, and EL and EU are theenergies of the lower and upper edges of the barrierband gap.Here, 
we set EL=-1.0eVandEU=3.9eV similar to Ref.[7]. An important parameter Φinfis taken account for the 
additional phase shift at interfaces due to other effects such as interface roughness, chemical disorder, 
impurities and strain inhomogeneity, etc..To qualitatively compare our results with such an analysis, 
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we first set Φinf=0, whichwill be discussed below. As displayed in Fig.2(e) in solid lines, the simulated 
results show fairly good agreement with the experimental results when choosingm*=1. It is found that 
the PAM can qualitativelyreproduce the QW positionsfor samples with 6.3 and 7.5 nm Fe.For 12.6nm 
Fe, larger error developsat higher bias. To further quantitatively determine the QW position with such 
thick Fe layer, ab initio calculation was performed to calculate thes-resolved partial DOS at the Γത point 
within the two central Fe layers in bcc Fe|[MgO]7|Fe|[MgO]7 structure(see supplementary material for 
details [25]). In the calculation, 7ML of MgOwas used instead of the MgAl2O4structure to simplify the 
calculation load and two different Fe thicknessesequal to 67ML (9.4nm) and 47ML (6.5nm) were 
calculated.The QW peak positionsderived from the sharp majority DOS spikesof the middle Fe filmare 
marked in Fig.2(e) with open squares.The calculated QW states prettily agree with the PAM 
simulations as well as experimental results, which further confirms that the observed oscillation in 
rather thick Fe layer is originated fromthe QW resonant states. 
The observed long range phase coherence in suchthick Fe QW in our MgAlOx DMTJscould be due 
to a better quality of Fe QW, Fe/MgAlOx interface or MgAlOx barrier itself. To clarify the origin, four 
DMTJ sampleswere preparedwith different configurations of two types of barriers: MgO and MgAlOx, 
as listed in Table1.Fig.3(a) and 3(b) show the normalizedd2I/dV2 curves in P and AP states for two 
samples with thin MgO barrier (B and D), respectively.[Samples A and C are shown in supplementary 
material Fig. S7(a) and S7(c), respectively]A clearfeature is that the samples with thick MgAlOx 
barriers (C and D) have almost one order stronger oscillation amplitude in the P state than those with 
thick MgO barriers (A and B). It seems that the bottom thin barrier has no influence on the oscillation 
amplitude, regardless of whether it is MgO or MgAlOx.In the AP state, no oscillatory feature can be 
observedfor the samples with thick MgO barrier (A and B).The two peaksat -0.2eV and -1.0eV are 
related to the interface resonant state at high qualityFe/MgOinterface[38].However, for samples with 
thick MgAlOx barrier (C and D), clear but attenuated oscillation is still maintained in the AP state with 
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the same periodicity as the P state. This can be understood bythe band folding effect inspinel 
MgAl2O4MTJ, as demonstrated by the ab-initio calculation[23].This band folding effect induces a 
coupling of the Δ1 evanescent state inside the barrier with the minority-spin state in the Fe electrode, 
which enhances the Δ1 conductance in AP stateand results in the observed resonant tunneling 
oscillation. We schematically illustrate this mechanism in the insets of Fig.3(a) and (b) by taking into 
account of only the Δ1 conductance.When the band folding effect is present, the additionalΔ1 
conductance in AP state will also limit the TMR ratio[18,23]. As exactly found in Table 1, the TMR 
ratios in DMTJs with thick MgAlOx barriers (<200% at 16K) are lower than those with thick MgO 
barriers (~300% at 16K).  
Since the samples have the same bottom stack layers except the thick barrier[for (A and C) or (B 
and D)], the quality of their Fe QW should be identical.This excludes the possibility of different QW 
quality as the reason for the different oscillation amplitude. In addition, the contribution of the majority 
Δ1channel in total parallel conductance 1( )PG G↑↑Δ was examined to determine if the symmetry filtering 
effect of the barrier[39]could play a role. However, the slight difference of 1( )PG G
↑↑
Δ in both types of 
barriers estimated from their TMR ratio cannotexplain the one order higher oscillation amplitude in 
MgAlOx DMTJs (see supplementary material for details [25]). Finally, all evidence pointsto the 
Fe/thick barrier interface.Toelucidate the interface related mechanisms, we have calculated electrostatic 
potential profiles for two structures: Fe11|[MgO]5 and Fe11|[MgAl2O4], as shown in Fig.3(c). Since 
the wavefunction decaysexponentially inside the barrier region, sufficient barrier height is important to 
confine the QW states. The first requirement is to check the barrier heights for bothMgO and 
MgAl2O4.It is found that the bond of Fe-O is stronger at Fe/MgAl2O4 interface (Fe-O distance 2.03Å) 
than that of Fe/MgO interface (2.13Å). This induces a slightly higher potential barrier at Fe/MgAl2O4 
interface.However, the potential barrier decreases within the insulator. Therefore the Fe/MgAl2O4 
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interface has no advantage from the comparison of the barrier height. Then the lattice constant of Fe is 
examined.Due to the large lattice mismatch between Fe and MgO, it is clear that the Fe is under a 
tensile strain at the interface with MgO since the lattice constant is 2.96Å in plane and 2.72Å out-of-
plane. For the MgAl2O4 case,the strain in Fe is much smaller with a lattice constant of 2.88Å in plane 
and 2.78Å out-of-plane. Due to the interface strain, the period of electrostatic potential in Fe is changed. 
It can be seen in Fig.3(c)that in the case of theFe/MgO interface, the variation of potential valley width 
for the interfacial Fe layers are much stronger (from 1.10Å to 1.46Å) compared to those at 
Fe/MgAl2O4interface (from 1.30Å to 1.45Å). This condition is even valid farther from the interface, 
where the Fe potential valley width varies from 1.39Å to 1.34Å in Fe/MgOcase while only from 1.39Å 
to 1.38Å in Fe/MgAl2O4case.These irregular potential period changes at Fe/MgO interface will 
undoubtedly result in a significant interface phase shiftΦinffor the QW states, as illustrated in Eq. (1). 
However, since the collected current is from atwo-dimensional spatial integration in the whole junction 
area, if the electron changesits phase with the sameΦinfeverywhere, strong QW oscillationscan still be 
obtained but with a shift of energy positions. Therefore, other mechanismsshould exist toinduce a large 
distribution of Φinfcausing the vanishing of QW oscillation. As schematically shown in Fig.3(d), with a 
large distribution ofΦinf, the QW energy position will also have a large distributionwithin the same QW 
indexat different spatial locations. As a consequence, this smears the contrast of current intensity as 
function ofbias and gives rise tothe decrease of QW oscillation amplitude. 
The mechanism introducing a largeΦinfdistribution can be highlighted by the creation of misfit 
dislocation due to the lattice mismatch induced interface strain. For the Fe/MgO case, when the 
thickness of MgO goes beyond 5ML [40], 1/2<011> misfit dislocations occur to relax the MgO lattice 
which can then propagate to the bottom interface.These are observed by noting the appearance of a “V” 
shapedfeature [41-43]in the RHEED pattern [Supplementary Fig.S1(b)].Thispropagation will result in a 
long range stress field around core dislocations [44] leading to significant interatomic distance 
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distribution in the plane of the interface. Such a distribution generatesan important phase shift 
scattering by varying the potential period as shown in ab-initio calculation andconsequently leads to a 
largeΦinfspreading.The average distance L between the adjacent misfit dislocations can be estimated to 
be 6nm for MgO and 90nm for MgAl2O4from a crude static model [44]:L=a/2fwhere aisthe lattice 
constant of the oxide and f is the mismatch with Fe.Important to note is that at the Fe/thin oxide (3ML) 
interface, the lattice of MgOis unrelaxed without misfit dislocation creation as confirmed bythe 
RHEED pattern[Supplementary Fig.S1(a)]. No important difference in conductivity oscillation 
amplitude is foundwhen bottom thin barrier (3ML) is MgO or MgAlOx.For the 12ML thick MgAlOx 
layer on Fe, the small lattice mismatch induced strain creates very few misfit dislocations. In the 
RHEED patterns [Supplementary Fig.S1(b)], the dislocation related “V” shape feature is not observed. 
Furthermore, the persistence of Kikuchi lines signifies a good crystalline coherence in the whole barrier. 
Finally, the elimination of misfit dislocation conserves a homogenous and small distribution ofΦinf, and 
in turn results in a significant enhancement ofQW conductivity oscillation. 
In summary, the spin-dependent resonant tunneling properties in fully epitaxial MgAlOxDMTJs 
grown by MBEhave been studied. QW statesin conductance curves as a function of the bias voltage are 
evidenced for up toa 12nm thick Fe QW layer. Both PAM simulations and first principle calculations 
agree well with experimental results. Comparingexperimental results using either MgO 
orMgAlOxinsulating barriers in these DMTJs allows us to highlight the key role of misfit dislocations 
in the barriers for the QW state establishment. Significant enhancement of the amplitude of the 
conductivity oscillation is observed up to one order in the MgAlOx DMTJ. This illustrates that the 
control of interface strain is essential to the preservation of a homogenous interface phase shift in order 
to obtain a sizable QW resonant tunneling oscillation.  
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Figure captions: 
FIG. 1(Color on line).(a)Energy profile in DMTJ structure and QW states at different energy levels. 
(b)Stackstructure of DMTJ and setup of measurement. 
FIG. 2 (Color on line). Normalized conductance as a function of bias voltage in (a) P and (b) AP state, 
respectively.(c)Differential TMR (DTMR) dependence with bias voltage.(d)QW thickness dependence 
of d2I/dV2 curves in P state (measured at 16K). The dash lines indicate the resonant peak positions. 
(e)QW peak positions for the experimental results (circle), PAM simulation results (lines) and ab-initio 
calculation results (square). The three numbersn in the figure representthe QW node number just below 
EF for the three samples with different QW thickness.  
FIG.3(Color on line).d2I/dV2 curves in P and AP states for DMTJs with (a) 
MgO(3ML)/Fe/MgAlOx(12ML) and (b) MgO(3ML)/Fe/MgO(12ML) structures, respectively. 
Insets:schematics of tunneling of electrons with Δ1 symmetry in AP configuration in samples with thick 
MgAlOx and MgO barrier, respectively. (c)Electrostatic potentialsand structuresof Fe/MgO and 
Fe/MgAl2O4 layers.The width (unit is Å) between potential valleys in Fe layers are shown for Fe/MgO 
(black) and Fe/MgAl2O4 (red) interface. The lattice constant and length of Fe-O bond are also shown in 
the structure.(d)Schematics of DOS in QW with large and small interface phase shift distribution. Φ1, 
Φ2 represent the phase shift on reflection at interface and Φinf stands for the interface phase shift. 
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